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Microstructure in Cr3C,-doped WC-Co was examined by high-resolution electron
microscopy (HRTEM) and X-ray energy dispersive spectroscopy (EDS) with a special
interest in the segregation of Cr at WC/Co interfaces and WC/WC grain boundaries. The
macroscopic morphology of carbide grains in Cr3C,-doped WC-Co was almost the same as
that of non-doped one, however, doping of a small amount of Cr;C, on WC-Co was found
to be effective to reduce the grain size of carbide grains. HRTEM study revealed that both
WC/Co and WC/WC interfaces were free from secondary phases or amorphous films.
Nano-probe EDS analysis revealed that Cr segregated at both WC/Co and WC/WC
interfaces in the Cr3C, doped WC-Co. The grain growth retardation of carbide grains
observed in the Cr3C,-doped WC-Co must be closely related to the segregation of Cr. On
the other hand, an asymmetric tilt X2 grain boundary of WC/WC was observed in the grain
orientation of (0001)//(1120), [1210]//[1101]. The formation of this coherent boundary results
from a small misfit of about 2% in a/c-axis of WC hexagonal lattice structure. The
segregation of Cr and Co was detected also at this boundary in spite of high coherent
boundary. This would be due to a small distortion of the grain boundary from an ideal X2
boundary. © 2001 Kluwer Academic Publishers

1. Introduction

WC-Co based cemented carbides are often used as cut-
ting tools or mechanical drills since they have high hard-
ness and high wear resistance [1]. It is well known that
the mechanical properties can be improved by the re-
duction of a grain size of carbides. For this purpose,
transition metal carbides such as VC, TaC and Cr3;C,
are often doped in WC-Co based compounds [2, 3].
However, the role of the transition metal carbides as
inhibitors for the grain growth is not cleared yet. Re-
cently our group has performed high-resolution trans-
mission electron microscopy (HRTEM) analysis for
VC-doped WC-Co compounds. As a result, the mor-
phology change of WC/Co interfaces was revealed,
i.e., from ordinary faceting feature in non-doped com-
pounds to fine multi-step shape in VC-doped ones. In
addition, the formation of (W, V),C compounds were
confirmed at WC/Co interfaces in the doped compound
at an atomic scale [4, 5]. Namely, the inhibition of WC
grain growth caused by VC-doping is considered to be
due to the formation of (W, V),C compounds along
the interfaces of WC/Co. On the other hand, Cr;C; is
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also known to be one of the inhibitors for the carbide
grain growth [6]. However, there have been few studies
to characterize the interface structures from the view-
point of atomic scale analysis as mentioned above.

In this study, microstructural analysis was performed
for Cr3C;-doped WC-Co by high-resolution transmis-
sion electron microscopy (HRTEM) and X-ray energy
dispersive spectroscopy (EDS) with highly spatial res-
olution in order to clarify the structure of WC/Co inter-
faces and WC/WC grain boundaries

2. Experimental procedure

WC powders of an average grain size of 0.8 um
(Japan New Metals Co Ltd.), Co powders of 1.2 um
(Stark Co. Ltd.) and Cr3C, powders of 2.3 um (H. C.
Stark Co. Ltd.) were used as raw materials. They were
mixed in an attritor-mill for 2 h with the composition
of WC-12wt%Co or WC-0.9wt%Cr;C,-12wt%Co, re-
spectively. After dried and sieved, the mixtures were
compacted under a pressure of 150 MPa. Then the re-
spective green compacts were heated to 1380°C in a
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Figure 1 Bright field images in (a) non-doped and (b) Cr-doped compounds in as-sintered state. Note that the magnification is different between the

two photographs. Notations in the figure (b) are described in the text.

vacuum at a heating rate of 5°C/min and kept at 1380°C
for 1 h. After keeping at the sintering temperature, they
were cooled down to room temperature by introduc-
ing He gas into the furnace. The approximate cooling
rate was more than 50°C/min. Hereafter, these two sin-
tered bodies will be noted as non-doped and Cr-doped
compounds, respectively.

Thin foils for HRTEM observation were prepared as
follows. Samples with the size of 1 x 5 x 15 mm? were
machined from the sintered bodies and punched out in a
disk shape of ¢3 mm with an ultra sonic disk cutter. The
cut samples were ground to 70 pwm thickness and further
polished and finished to the mirror state with diamond
slurry of 9, 3 and 1 um. Then, they were dimpled to
20 pm thickness at a center of the disk. After dimpled,
these disks were ion-milled (Model 600TMP, Gatan)
under a condition of 5 kV x 1 mA. High-resolution
electron microscopy observation was carried out with a
HRTEM (H-9000NAR, Hitachi) at an accelerating volt-
age of 300 kV. Chemical analysis was yielded with an
energy dispersive X-ray spectroscope (EDS, Voyager,
Noran) equipped to a field-emission type HRTEM (EM-
002BF, TOPCON) at 200 kV. An electron probe used
for EDS analysis was about ¢0.5 nm.
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3. Results and discussion

Fig. 1 shows bright field images of (a) non-doped and
(b) Cr-doped compounds in as-sintered state. In the fig-
ure, black and white contrasts correspond to carbide
grains and Co phases, respectively. The morphology of
carbide grains is not so much different between the two
compounds except the grain size of carbide grains. The
average grain size of carbides is estimated to be about
0.67 pom in the non-doped compound and 0.4 pm in the
Cr-doped one, respectively. This is consistent with the
reported result that a small addition of Cr;C; is effec-
tive to suppress the grain growth of carbide grains [3, 6].
On the other hand, hardness of the two compounds is
estimated to be 1410 HV in the non-doped compound
and 1540 HV in the Cr-doped one. The improvement
of the hardness is due to the reduction of carbide grains
as confirmed in Fig. 1.

High-resolution study was performed for various
WC/Co interfaces. All of them were found to be free
from any secondary phases. Typical example is shown
in Fig. 2. Fig. 2 is a high-resolution image in the vicin-
ity of the WC/Co interface in the Cr-doped compound,
which corresponds to the interface as indicated by a-a
in Fig. 1b. The areas for EDS analysis are also shown



Figure 2 A HRTEM image in the vicinity of WC/Co interface in the Cr-doped compound. Alphabetical indexes correspond to EDS analysis areas.

alphabetically with the dots in the figure. The observed
direction is parallel to the [1210] of the WC grain and
the WC/Co interface is set at the edge-on condition.
As seen in the figure, WC/Co interface consists of two
kinds of habits. One is (1010) plane and the other is the
plane nearly parallel to (0001) plane, which correspond
to popular habit planes in non-doped WC-Co com-
pounds [7]. There are no any other secondary phases at
the interface even in an atomic level. These features are
similar to that in non-doped compound.

Fig. 3 shows EDS spectra across the WC/Co inter-
face taken from the areas as indicated in Fig. 2 at an
interval of 2 nm. A peak of Cr Ke-line clearly appears
in all of the spectra, but the intensity is very different
among them. The intensity of the peak from the WC/Co
interface is the highest in comparison with the other two

spectra. Since there are no secondary phases at the in-
terface, it is considered that the doped Cr segregates at
the interface of WC/Co.

Fig. 4 is a plot of element content estimated from
EDS analysis in the vicinity of the interface. The analy-
ses were systematically conducted across the interface
(1010) habit at every several nanometer. The profiles
clearly show that Cr segregates at the WC/Co interface
over arange of ~4 nm inside WC grain. In addition, Co
also diffuses into WC grain in the region of less than
4 nm from the interface.

Transition metal carbides have been often doped in
WC-Co-based compounds in order to reduce the size
of carbide grains because smaller grain size is suitable
for the improvement of mechanical properties [1]. VC
is one of the most effective inhibitor for this purpose
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Figure 3 EDS spectra taken from (a) WC grain interior of 2 nm away
from the WC/Co interface, (b) WC/Co interface and (c) Co-phase interior
of 2 nm away from the interface. The EDS points of (a), (b) and (c)
correspond to the areas of A, B and C in Fig. 2, respectively. Note that
doped Cr segregates at the interface.
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Figure 4 A plot of W, Co and Cr content as a function of distances from
the WC/Co interface. Both Cr and Co segregate in the region of less than
4 nm form the interface inside WC grain.

[8, 9]. Jaroenworaluck et al. revealed that the morphol-
ogy of carbide grains drastically changed by a small
addition of VC. Typical example of the carbide grains
in VC-doped compound is shown in Fig. 5 [4]. In the
figure, the WC/Co interface forms multi-steps as indi-
cated by the arrows. From HRTEM and EDS analysis,
it was revealed that (W, V),C compounds were formed
along the fine steps at the WC/Co interface as shown
in Fig. 5b. The formation of the compounds was con-
sidered to retard the migration of carbide grains. On
the contrary, the morphology of carbide grains in Cr-
doped compound in the present study is not so different
comparing with that of non-doped compound as seen
in Fig. 1. Namely the grain growth retardation is not
caused by the morphology change of WC/Co interface
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in the case of Cr-doping. Meanwhile, Okada et al. es-
timated the Cr content in Co-phase to be 5.1at% by
electrical leaching technique using ICP analysis for Cr-
doped WC-Co compounds [6]. They concluded that the
retardation of carbide grains was due to the reduction of
the W flux through Co-phase because the solution of Cr
reduced W content in Co-phase. However this explana-
tion is notalways reasonable because the grain growth is
not retarded in WC-Co compounds doped with HfC or
ZrC although these dopants can dissolve in Co-phase
and reduce the W flux through Co-phase [2]. In the
present study, the segregation of Cr was confirmed at
WC/Co interface in the Cr-doped WC-Co compounds.
The segregation layer would behave like a barrier to
retard the process of solution/repreticipation of WC to
Co-phase. The details for the retardation mechanism
of carbide grains in Cr-doped compound are not still
cleared, but this segregation may be considered to play
an important role to retard the grain growth.

Fig. 6 is a HRTEM image in the vicinity of WC/WC
grain boundary, which corresponds to the b-b interface
in Fig. 1b. In the figure, the boundary is set at the edge-
on condition and the observation was performed par-
allel to [1210]; and [1101]g, where subscripts L and
R mean the left and the right WC grains in the figure,
respectively. The points for EDS analysis are alphabet-
ically indicated in the figure. The boundary is almost
parallel to (0001); or (1120)g plane. The boundary is
free from any secondary particles or films. It is clear
that the two carbide grains are directly contacted in
solid state at an atomic level. On the other hand, these
carbide grains have the following orientation relation-
ship,

(0001).//(1120)g, [1210].//[1101]k.

The orientation relationship corresponds to special CSL
(coincident site lattice) grain boundary, which will be
discussed later.

Fig. 7 is EDS spectra taken from the points as in-
dicated in Fig. 6. At the grain boundary, the peak of
Cr Ka-line appears while it disappears in the carbide
grain. In addition, the presence of Co can be confirmed
at the WC/WC boundary in spite of no compounds or
films in the HRTEM image. It is thus considered that
both Cr and Co segregate at the WC/WC grain bound-
ary although the boundary is essentially stable CSL
grain boundary. On the other hand, other WC/WC grain
boundaries also exhibit the segregation of Cr and Co.

The grain orientation relationship between adjacent
grains has been often discussed in terms of coincidence
site lattice (CSL) theory [10]. In the theory, the bound-
ary, which has a special orientation to match adjacent
grains geometrically, is classified as a CSL boundary. A
type of such boundaries is expressed with X-number,
which is defined as the ratio of a CSL unit cell vol-
ume to a unit cell volume. Generally the ¥ numbers
have odd values because a half or smaller periodicity
exist in the case of even values. However, it was re-
ported by Vicens et al. that WC/WC grains has near
32 relationship. This unique relationship is due to a
special a/c ratio of hexagonal WC structure [11]. The
a- and c-axis of WC unit cell of P6m2 is 0.29065 nm



Figure 5 The morphology of WC grain in VC-doped compound, (a) a bright field image and (b) a HRTEM image. Note that fine-multi steps are
formed by doping of VC as shown by the arrows.

Figure 6 A HRTEM image in the vicinity of WC/WC boundary in the Cr-doped compound. Alphabetical indexes are EDS analysis areas as shown
in Fig. 7. The two adjacent WC grains have the following grain orientation relationship, (0001).//(1120)r, [1210].//[1101]r, where the subscriptions
L and R are the left and the right grains.
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Figure 7 EDS spectra taken from (a) WC/WC boundary and (b) 2 nm
away from the boundary. Note that both of Cr and Co segregate at the
boundary as seen in (a).

(a)

Figure 8 Schematics of the boundaries observed by (a) Vicens et al. and
(b) this study. The arrows indicate a rotation axis.

and 0.28366 nm respectively so that the a/c-axis ratio
has only about 2% mismatch. WC/WC grain boundary
observed in this study has the similar grain orientation
relationship as Vicens has reported. But the boundary
type is different between the two boundaries. Fig. 8
shows schematics of X2 WC/WC grains observed by
(a) Vicens et al., and (b) in this study. The WC/WC
boundary observed by Vicens et al. is a type of twist
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boundary as in the figure (a), while the boundary indi-
cated in the figure (b) is an asymmetric tilt type one.
These X2 grain boundaries are considered to be slightly
distorted because of a mismatch of about 2% between
a- and c-axis. However, this boundary would be the
most stable one because the ¥ number is the smallest
except X1 which has perfectly same orientation rela-
tionship. In general, dopants do not tend to segregate
at the boundary with low ¥ number [12]. But EDS
analysis as presented in Fig. 6 clearly showed the co-
segregation of Co and Cr at the boundary of X2. This
may be due to a small distortion caused by a mismatch
of about 2%.

4. Conclusions

Microstructure of CrzC,-doped WC-Co was examined
by high-resolution electron microscopy and X-ray en-
ergy dispersive spectroscopy. The following results
were obtained.

1. The addition of Cr3C, was confirmed to reduce
carbide grain size.

2. The morphology of WC grains in Cr-doped WC-
Co is not so large different from that of non-doped WC-
Co. No other compounds can be observed at WC/Co
interfaces and WC/WC boundaries.

3. Nano-probe EDS analysis revealed that Co and
doped-Cr segregate both at WC/Co interfaces and
WC/WC boundaries. In particular, the segregation can
be observed even at the asymmetric tilt ¥2 WC/WC
boundary.

4. The retardation of carbide grain growth observed
in Cr-doped compound is not caused by the morphology
change in WC/Co interface. The segregation of Cr and
Co at both WC/Co and WC/WC boundaries may be
closely related to the retardation.
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